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INTRODUCTION 

This repor t  descr ibes  research a c t i v i t i e s  t h a t  were performed dur- 

ing  the  i n i t i a l  phase of  a program designed t o  Xnvest igate  the  mechanism 

of st rengthening and f r a c t u r e  of composite ma te r i a l s . !  Three d i f f e r e n t  

types of composites a r e  cur ren t ly  under inves t iga t ion  on sepa ra t e  but 

- 
'7 

u 

i n t e r - r e l a t e d  p ro jec t s :  1) composites containing l a rge  volume f r ac t ions  

of  a hard,  b r i t t l e  phase discontinuously d i s t r i b u t e d  i n  a s o f t ,  d u c t i l e  

matrix; 2) composites containing an i n f i n i t e l y  s o f t  phase ( i n  the form 

o f  d r i l l e d  holes)  dispersed i n  a mat r ix  t h a t  can be  e i t h e r  d u c t i l e  o r  

b r i t t l e ,  depending on test temperature and gra in  s i z e ;  3) l amel la r  

composites containing s o f t  and hard phases and pre-induced cracks i n  

e i t h e r  the  s o f t  o r  the  hard phase. The f i r s t  p ro j ec t  i s  pr imar i ly  

experimental ,  t he  second i s  both experimental and t h e o r e t i c a l ,  and the  

t h i r d  i s  e n t i r e l y  t h e o r e t i c a l .  These p ro jec t s  a r e  described sepa ra t e ly  

i n  the  following sec t ions .  

1) The Mechanism o f  Strengthening and Fracture  i n  Composites Containing; 

Hard P a r t i c l e s  Dispersed i n  a Duct i le  Matrix (with Dare1 Bodgson, 

graduate s tudent ) .  

It is  believed t h a t  i n  systems such a s  these  f r a c t u r e  occurs when 

inhomogeneous s t r a i n s  i n  the  s o f t  mat r ix  can produce stress concentrat ions 

a t  the  ma t r ix -pa r t i c l e  in te r faces  which are ab le  t o  nucleate  cracks i n  

the  hard par t ic les ' ' ) .  A t  present ,  i t  i s  not known whether a c r i t i c a l  

t e n s i l e  s t r e s s  o r  s t r a i n  concentrat ion i s  required fo r  crack nucleat ion.  

This p ro jec t  i s  designed t o  inves t iga t e  t h i s  problem, fo r  var ious volume 

f r a c t i o n s ,  s i z e s  and shapes of hard p a r t i c l e s  dispersed i n  a d u c t i l e  mat r ix .  
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The composite containing titanium carbide dispersed in a nickel- 

During the molybdenum matrix was originally chosen for investigation. 

summer of 1964, Mr 

Motor Company. He worked about 25% of his time in Dr Michael Humenick's 

group learning how to prepare this composite, which had originally been 

developed by Humenick and his co-workers. 

this system, as compared to the conventional tungsten carbide-cobalt 

system used in previous investigations") of fracture in cermets is 

that good particle-matrix wetting is achieved so that homogeneous dis- 

persions can be obtained. This does not seem to be the case in the 

Hodgson worked at the Scientific Laboratory, Ford 

The principal advantage of 

tungsten carbide-cobalt system (2) 

The composites, containing 50-75 volume percent titanium carbide, 

will be prepared by liquid phase sintering. 

materials, and additional equipment have been purchased on a grant from 

the Ford Foundation. 

are ready for milling and pressing. 

All powders, milling 

These materials have been received and the powders 

The design of the die which will be used to press the dog-bone 

tensile specimens is presently under consideration. Mr. Hodgson discussed 

this problem rith the Haller Company, Northville, Michigan, during the 

summer. It is anticipated that the die will be received within two 

months. 

The specimens will be pre-sintered 650°C in a hydrogen gas train 

furnace which has been built and tested. Final sintering will be carried 

out under vacuum at 137OOC. 

sintering has been constructed and is ready for operation. Sintering 

will be done by induction heating using molybdenum heat shields. The 

The vacuum system and chamber for final 
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f i n a l  s i n t e r i n g  susceptor  and heat sh i e lds  are h a l f  completed and should 

be ready t o  opera te  i n  about two months when the  d i e  a r r i v e s .  Consequent- 

l y ,  we expect t o  hegin preparing samples f o r  i nves t iga t ion  about the  

f i r s t  o f  February, 1965. 

Meanwhile, M r .  Hodgson has been s e t t i n g  up the  micro-s t ra in  equip- 

ment which w i l l  be used i n  the  inves t iga t ions  o f  microcrack dens i ty  a s  

a funct ion of s t r e s s  and s t r a i n .  A cryogenic device w i l l  be required,  

s ince  measurements w i l l  be car r ied  out  a t  various low temperatures.  This 

can be  employed most e a s i l y  by f i r s t  cons t ruc t ing  a “bridge”,  under the  

c ros s  head of  the  Ins t ron  t e n s i l e  t e s t i n g  machine, which holds one end of  

t h e  specimen being s t r a i n e d  i n  tension;  the  o the r  end o f  the  specimen is  

a t tached  t o  a p u l l  rod. The cryogenic device i s  then set around the  br idge .  

Both the bridge and the  gr ips  to  hold the  t e n s i l e  specimen have been 

constructed.  The cryogenic device w i l l  c o n s i s t  of a chamber containing 

d ry  helium gas surrounded by a dewar f l a s k  containing baths  maintained 

a t  des i red  temperatures between 77 and 293’K. The micro s t r a i n  measure- 

ments w i l l  be performed with a Tuckerman gauge and co l l ime te r ,  both of  

which have been received.  The gauge opera tes  by the  r o t a t i o n ,  during 

s t r a i n ,  o f  a mirror  which r e f l e c t s  an incoming beam o f  l i g h t  a t  an angle  

t h a t  i s  a funct ion o f  the amount o f  e longat ion of t he  specimen. Con- 

sequent ly ,  the  chamber surrounding the  specimen w i l l  contain a window 

through which l i g h t  can be t ransmit ted.  Dry helium gas i s  used as a 

coolant  t o  prevent t he  windows from fogging up during opera t ion .  

chamber is  ha l f  completed a t  t h i s  t i m e .  

This 

The i n i t i a l  measurements of micros t ra in  i n  composite ma te r i a l s  w i l l  
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be performed on hypo-eutectoid steels while any "bugs" are being worked 

out of the system. 

carbon will be tested. 

specimens have been prepared from all three compositions. Various anneal- 

ing treatments are currently being investigated to determine the best 

treatment for preparing composites containing uniform dispersions of 

fairly large cementite particles in the ferrite matrix. Microcrack 

density measurements will be made by obtaining replicas of the electo- 

polished specimen surface following each increment of microstrain The 

replicas will be examined optically at magnifications of 1000 X and micro- 

crack densities determined as a function of stress and/or microstrain. 

This non-des tructive technique, developed by M~Mahon'~) during his 

investigation of fracture in ferrite, permits the determination of crack 

density as a function of stress and/or microstrain to be made on one 

specimen. It is more reliable than the older procedure of straining 

different samples different amounts, since all measurements are made on 

the same sample. Various replicating materials, such as parlodion, fax- 

film, wax and others, are currently being applied to the steel specimens 

to determine the best technique for use in the investigation. 

Steels containing 1% manganese and 0.2, 0.4 and 0.6% 

These alloys have been received and tensile 

Since the annealing treatments, cryogenic chamber, and proper 

replicating technique should be developed within one month, it is 

anticipated that initial measurements will begin on January 1, 1965. 

The next progress report will contain diagrams of the apparatus used in 

the investigation, as well as some results of the microstrain studies 

of the ferriteacementite composite. 
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2) The Mechanism of Fracture in Composites Containing Small Holes Drilled 

in a Ductile or Brittle Matrix (with Charles Rau, graduate student). 

Johnston, et al. , ( 4 )  have shown that cavities form at the interfaces 

between alumina particles and the silver chloride matrix during crack 

propagation in an AgC1-A1203 composite. 

stresses at the tips of advancing cleavage cracks so that additional 

plastic deformation occurs during fracture and the energy absorbed in 

fracture increases. Consequently, the toughness of the composites is 

greater than that of the AgCl alone, and the notch impact transition 

temperature can be decreased by as much as 70twhen 2.5 volume per cent 

A 1  0 particles, 7 microns in diameter, are dispersed in the polycrystal- 

line AgC1. 

larger cavities, produced mechanically, can similarly increase the fracture 

toughness of brittle materials. Since cavities also lower the weight 

of a structure, it is hoped that the toughness-to-weight ratio of a 

brittle material can be raised in this manner. These cavities have been 

These cavities relax tri-axial 

2 3  
The present investigation is designed to investigate whether 

introduced into notched and un-notched specimens of iron-3% silicon by 

drilling fine holes (diameter 200 microns or greater)prior to testing in 

tension, bending, and impact. The iron-3% silicon alloy was chosen be- 

cause strain distributions around the cavities can be easily revealed by 

dislocation etch-pitting procedures. Furthermore, the holes can be drilled 

at room temperature wherethe alloy is ductile and tests can subsequently 

be carried out at low temperatures where the alloy is brittle. Cylindrical 

drilled holes have been chosen as the second phase because 1) they are 

easily introduced in controlled arrays and 2) the elastic stress field 

is simple and symmetrical about the hole's axis, so that theoretical 
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calculations can be made with a minimum of difficulty. 

While cavities increase a material's resistance to crack propaga- 

tion, they also may decrease its resistance to crack nucleation. Local 

plastic strain, either twinning or slip, occurs around the cavities at 

stresses below the general yield stress because of the concentration of 

stress about the cavity. At temperatures below the ductile-brittle transi- 

tion, these strains can cause cleavage crack nucleation. When the cavities 

are in the form of sharp notches, crack nucleation and fracture occur at 

stresses much below the general yield stress of the material ahead of 

the notch(5). 

the stress required for cleavage crack nucleation, then the beneficial 

effects of holes on crack propagation and fracture toughness may be 

nullified. Consequently, this program will determine the effect of holes 

on crack nucleation as well as on propagation. 

If cylindrical holes also produce a drastic reduction in 

a) The effect of one hole and arrays of holes on the stress and 

strain required for cleavage crack nucleation. 

Two heats of an iron-3% silicon alloy have been warm and cold 

rolled to a final sheet thickness of 0.040", roll-straightened, and 

sheared into tensile specimen blanks. 

and purchased so that tensile specimens may be rapidly machined on the 

laboratory's "Tensile-fit" machine. Holes, whose diameter varied from 

A master template was designed 

0.007" up to 0.060", were drilled into the guage length of the specimen 

(dimensions 1.25" x 0.400" x 0.040"), 

various times at temperatures between 700 and 1200°C to produce structures 

whose ferrite grain size ranged from 5 x lo4 to 5 x inches diameter. 

The specimens were annealed for 
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FIG. l b  

FlG,*l - T H E  EFFECT OF H O L E S  O N  
F R A C T U R E  P A T H  



Annealing treatments w e r e  performed i n  vacuum, i n  a furnace constructed 

fo r  t h i s  program. Following annealing, the  specimens were mechanically 

and e l e c t r o l y t i c a l l y  pol ished.  They w e r e  then s t r a ined  i n  tens ion  a t  

77°K i n  a c r y o s t a t  and gripping device b u i l t  by M r .  Rau. 

A t  the  present  t i m e ,  w e  a r e  s tudying the  e f f e c t  of  ho le  s i z e  t o  

g ra in  s i z e  r a t i o  on the  d u c t i l i t y  and f r a c t u r e  s t r eng th  o f  iron-3% 

s i l i c o n  a t  77°K. Preliminary r e s u l t s  i nd ica t e  t h a t  when the  hole s i z e  

i s  o f  the  order  of  t he  g ra in  s i z e ,  the  hole  has l i t t l e  e f f e c t  on the  n e t  

s e c t i o n  f r a c t u r e  s t r eng th  o r  d u c t i l i t y .  When the  r a t i o  of  hole  s i z e  t o  

g ra in  s i z e  i s  increased,  e i t h e r  by increas ing  the  hole  s i z e  o r  by r e f i n -  

ing  the  g ra in  s i z e ,  t he  hole  causes a reduct ion i n  d u c t i l i t y .  We do not 

have s u f f i c i e n t  d a t a  t o  s t a t e  whether t he  f r a c t u r e  stress is a l s o  lowered 

and t h i s  w i l l  be determined shor t ly .  

t he  inves t iga t ion  w i l l  be completed. Similar  s t u d i e s  w i l l  be c a r r i e d  

During the  next month t h i s  p a r t  o f  

ou t  a t  a higher  temperature where the  a l l o y  shows a d u c t i l e - b r i t t l e  

t r a n s i t i o n  s ince  cleavage is observed a t  a l l  g ra in  s i z e s  a t  77'K. 

Additional s t u d i e s  w i l l  be performed, using d i s l o c a t i o n  e t c h  p i t t i n g  

techniques,  of  the  s i z e  of  the  p l a s t i c  zone i n  the  v i c i n i t y  of  a ho le ,  

o r  a r r ays  o f  ho les ,  as a function of  appl ied s t r e s s .  This i s  necessary 

t o  achieve a q u a n t i t a t i v e  understanding o f  the  process of  crack nuclea- 

t i o n ,  which undoubtedly takes  place i n s i d e  the  p l a s t i c  zone (5) ~ 

b) The e f f e c t  of one hole and a r r ays  of holes  on the  i n i t i a t i o n  

and propagation of  a crack a t  the  root  of  a sharp notch. 

Symmetrical sharp notches (.167" deep, .010" root  r ad ius ,  45" 

inducted angle) ,  and a r r ays  of holes  were introduced i n t o  a shee t  

specimen as diagrammed i n  Figure la .  The specimen was f rac tured  a t  77°K. 
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The fracture path followed the trace of the holes, as shown in Figure lb. 

This preliminary result indicates that mechanically induced holes do 

have an effect on crack initiation and propagation at the root of a 

notch. In the following months we shall investigate whether: 

a) the ductile-brittle transition temperature can be altered 

by the presence of arrays of holes such as those shqwn in 

Figure 1. 

b) whether this alteration depends on the angle a between the 

holes, 

whether the alteration depends on the size of’the holes, c) 

d) whether the fracture stress is influenced by the hole size 

and by a. 

Crack initiation at the root of a notch depends on the attainment of a 

critical plastic displacement at the root, which in turn depends on the 

distance that yield zones spread from the root(6). If holes interfere 

with the spreading of plastic zones, then they may increase the stress 

required for crack initiation at the root. This point will also be 

investigated using dislocation etch-pitting techniques. 

3) The Initiation of Fracture in a Composite Material Containing a 

Pre-Induced Crack (with D. Barnett, graduate student). 

Bilby, Cottrell, and Swinden(6), D~gdale‘~), and others ’ have 

investigated the problem of fracture initiation at the tip of a pre- 

induced crack in a single phase material. They showed that as the 

applied stress T increases up to the genexal yield stress Y, yield 

zones spread a distance a - c from the tip of a crack of length 2c, where 
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- = c o s ( -  C n T  - )  
a 2 v  

It was a l s o  shown t h a t  the  crack w i l l  r e i n i t i a t e  and spread when a 

c r i t i c a l  displacement !@ (c) i s  produced a t  t he  t i p ,  where 

G is  the shear  modulus and a* is t h e  c r i t i c a l  p l a s t i c  zone s i z e  t h a t  must  

be produced. 

The purpose of t h i s  t heo re t i ca l  i nves t iga t ion  i s  t o  determine the  

c r i t e r i a  fo r  t he  i n i t i a t i o n  of f r a c t u r e  i n  a two-phase ma te r i a l  csn ta in-  

i n g  a crack of  length 2c i n  one of the phases. It i s  assumed t h a t  both 

phases have the  same e l a s t i c  constants and l a t t i c e  parameters and a r e  

i s o t r o p i c .  Suppose (Figure 2) t h a t  Y and Y a r e  the  y i e l d  s t r e s s e s  of 

phases (1) and (2), with  Y2 > Y1. 2c i s  the  c rack  length  and 21  is  the  

width of phase (1). Phase 2 i s  i n f i n i t e l y  wide. S i s  the  p l a s t i c  zone 

s i z e  i n  phase (l), S i s  the  p l a s t i c  zone s i z e  i n  phase ( 2 ) ,  so t h a t  

a - c = S1 -t S 

1 2 

1 

2 

T is  the  uniform t e n s i l e  s t r e s s  appl ied a t  i n f i n i t y .  2 '  

Using the  Dugdale approach'7' of superpos i t ion ,  our ca l cu la t ions ,  

which w i l l  be d e t a i l e d  i n  the  next r e p o r t ,  i nd ica t e  t h a t  

y2 lfr e +(- - 1) e3 = - 
2 y, 2y 1 I L 

where cos 0 = c / a  2 

cos 0 = Ala 3 

Phys ica l ly ,  t h i s  equation i m p l i e s  t h a t :  

1) fo r  - and c l A  held cons tan t ,  Ala increases  a s  Y2 i nc reases ,  
y1 

SO t h a t  the  p l a s t i c  zone radius a decreases  as the  y i e ld  stress of  
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t t t l i t t t t  

T T 

SYMMETRICAL DUGDALE CRACK A N D  PLASTIC 
ZONE IN A 2-PHASE I N F I N I T E  SOLID 
LOADED IN UNIFORM TENSION AT fNFINfTY 

FIGURE 2 



* 

phase (2) increases. 
T y2 

2) Eor y and /Y1 held constant, the plastic zone radius a 
1 

increases as c increases. 
-1 3) If a is less than cos (cia), then a S and the plastic 1 2y1 

zone is entirely contained in phase (1). 

Mr. Barnett holds a Ford Foundation Fellowship and has been working 

on this problem 1/8th time. During the following six months he will 

consider the displqcements 8 that are produced at the crack tip in the 

composite and the criteria for fracture at the crack tip. He shall also 

apply the Bilby-Cottrell-Swinden approach(6) for cracks loaded in anti- 

plane strain to determine the criteria for their re-initiation in the 

ctpposite. 
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